Biomarkers have the potential to expedite drug development, increase patient safety, and optimize clinical response. Yet few have achieved regulatory qualification. A survey was conducted to clarify industry's perspective on biomarker qualification and identify the most promising biomarkers for drug development. The results across toxicities/clinical areas highlight challenges in regulatory qualification, although early prioritization and alignment on an evidentiary standard framework are key factors in facilitating biomarker development and qualification.
THE NEED FOR A TRANSPARENT AND MULTIPLE-STAKEHOLDER APPROACH TO BIOMARKER QUALIFICATION
Drug development remains costly and time-intensive, [1] [2] [3] and it is clear that improvements in the drug development process have not kept pace with biomedical and technical advances. [4] [5] [6] Recent initiatives to expedite the drug development process have included an increased focus on drug development tools such as novel clinical and nonclinical biomarkers. [7] [8] [9] [10] [11] Biomarkers are measurable physiological properties that can be evaluated as indicators of "normal biologic processes, pathologic processes, or biological responses to a therapeutic intervention." 4 The use of biomarkers can enhance drug development in a number of ways. [12] [13] [14] [15] [16] [17] For example, by signaling previously unobserved drug toxicity in nonclinical trials, new translational biomarkers may increase safety of phase III trials. The potential to further enhance safety in clinical trials may be realized through the effective monitoring of novel acute toxicity biomarkers that can register reversible toxicity, thus enabling participant withdrawal before the onset of permanent tissue damage. 18, 19 Beyond advantages related to safety, the results of nonclinical trials may clarify biochemical processes underlying disease pathology, thereby aiding in the development of targeted medications and safer, more efficient drug development. 20 Furthermore, nonclinical biomarkers that accurately reflect human physiological responses may salvage compounds that are safe and effective in humans, but would otherwise have been abandoned due to negative findings with older nonclinical safety assays. 21, 22 By revealing physiological differences among patients, biomarkers with increased sensitivity and specificity also have the potential to enable the production of safe medications targeted to particular patient subpopulations. 23, 24 In order for a biomarker to be considered during the development process for a therapeutic, it must either have been approved through direct interactions with US Food and Drug Administration (FDA) staff or through the FDA's Biomarker Qualification program. 4 Biomarker qualification is defined by the FDA as "a conclusion that within the stated context of use, a biomarker can be relied upon to have a specific interpretation and application in drug development and regulatory review." 4 Despite the promise of biomarkers in facilitating the identification and approval of safe and effective drugs, and even with multiyear coordinated efforts from government, industrial, academic, and nonprofit sectors through consortia such as the Biomarker Consortium and the Critical Path Institute (C-Path), only five sets of biomarkers (three nonclinical, two clinical) have been qualified [25] [26] [27] since the inception of the Biomarkers Qualification Program in 2007. 28 Possible explanations for this slow evolution include the prohibitive costs incurred by pharmaceutical companies to independently develop both biomarkers and the tools to effectively measure them, 17 the long timeline 29 and complexities inherent to gaining regulatory approval of biomarkers, 16 and the challenges in translating nonclinical biomarkers to clinical biomarkers. Such difficulties can include the lack of universally accepted tools and measurement techniques (e.g., the lack of an effective clinical analog for histological analysis). The resulting uncertain evidentiary standards further complicate the regulatory approval process. In January 2014, the Center for Drug Evaluation and Research (CDER) finalized guidance documents to outline and clarify the evaluation process the CDER uses in its decision-making on biomarker qualification. 4 At the same time, the CDER and the National Institutes of Health encouraged industry partners to gather data on the needs and challenges in biomarker development and use, and the related impact biomarkers are perceived to have on drug development. A recent publication spearheaded by the FDA summarizes the updated biomarker qualification processes and highlights the importance of coordinating efforts from multiple stakeholders, stating "we need to have the help of industry, government entities, and academia to help us determine what levels of evidence befit different types of biomarkers, based on their context of use." 26 In response, PhRMA and the Biotechnology Industry Organization (BIO) commissioned a survey of industry experts to better understand industry's current perspective on biomarker qualification. The survey sought to identify the following: challenges to biomarker qualification, high-interest contexts of use for biomarkers, evidentiary standards for high-interest contexts of use, and potential biomarkers of organ toxicity and clinical efficacy that appear most promising and urgent for drug development. A "context of use" (COU) is a complete and precise statement that describes the appropriate use of the biomarker, and how the qualified biomarker is applied in drug development and regulatory review.
Here we provide a general overview of industry experience with biomarker qualification through a brief summary of key survey results. Survey findings highlight both the importance of biomarkers to expedite drug development and the challenges associated with achieving qualification. Finally, we present recommendations to increase the efficiency of biomarker development and qualification.
SURVEY RESULTS: EXPERT INSIGHTS ON BIOMARKER DEVELOPMENT
In April 2014, we collected survey responses from 24 PhRMA and BIO member-companies comprised of 18 publicly traded (nine mega cap, seven large cap, and two mid cap) and six privately financed companies.
The survey was designed by PhRMA and BIO staff in collaboration with third-party consultants, and consisted of 300 discrete query elements. For both nonclinical and clinical safety biomarkers, as well as clinical efficacy biomarkers, respondents were asked to rate the barriers to (i.e., scientific, technical, and regulatory "complexity"), as well as the potential benefits of (i.e., projected increase of efficiency in drug development), regulatory qualification. In addition, respondents identified the highest interest COUs for these biomarkers, as well as the related evidentiary standards (ES) that should support regulatory qualification for those specific COUs. Lastly, respondents were permitted free text responses to explain and expand upon their rating choices and selections. Responses for the topics above were collected and considered for safety and clinical efficacy biomarkers separately ( Figure 1) .
The ideal biomarker in any category would have a high score for positive impact on the efficiency of drug development with a relatively low score in complexity. The industry survey found that most safety and efficacy biomarkers scored high on both dimensions, indicating that most biomarkers considered to have high value may be limited by the scientific, regulatory, or technical complexity required for regulatory qualification. Exceptions included the following: nonclinical acute and chronic hematologic toxicity biomarkers had low scores for both efficiency and complexity; clinical acute and chronic pancreatoxicity biomarkers were thought to be highly complex to qualify, while having low potential impact on the efficiency of drug development. The free response sections of the survey revealed that researchers believed effective biomarkers for hematologic toxicity already existed, and that pancreatoxicity occurred too rarely to warrant investigation of new biomarkers.
Clinical efficacy biomarkers for cardiovascular disorders were considered highly complex to qualify and were thought to have medium potential to improve efficiency of drug development. Although no biomarkers in this survey scored high in impact and low in complexity, the qualification of biomarkers in certain therapeutic areas consistently showed high scores with respect to potential positive impact on drug development for the treatment of particular disorders, including: heart failure, coronary heart disease, Alzheimer's disease, multiple sclerosis, solid tumors, and systemic lupus erythematosus.
Participants reported that regulatory complexity posed a greater challenge to biomarker qualification than scientific or technical complexity for a number of biomarkers. Of the safety biomarkers sharing this characteristic, clinical acute biomarkers for hepatotoxicity and nephrotoxicity were perceived to have a high potential to increase efficiency of drug development (Figure 2a) . According to the free responses, efficiency of drug development would increase by allowing differentiation between adverse and nonadverse organ responses, and also through earlier identification of drug-related tissue damage, possibly while it was still reversible. In contrast, biomarkers for pancreatoxicity and cardiotoxicity were reported to have a low or intermediate potential, respectively, to increase the efficiency of drug development (Figure 2a) -pancreatoxicity, for reasons already discussed, and cardiotoxicity because sensitive and specific biomarkers for this organ toxicity are already well established. Regulatory complexity appeared to be the most significant challenge to the qualification of clinical efficacy biomarkers for metabolic/endocrine and cardiovascular disorders as well (Figure 2e) .
When asked to identify the most useful COU for nonclinical safety biomarkers, "to demonstrate absence of toxicity without histopathology" was the most frequently selected, and was deemed most important for acute and chronic cardiotoxicity, acute hematologic toxicity, acute hepatotoxicity, and acute and chronic nephrotoxicity. For clinical safety biomarkers, the most consistently selected COU was "demonstration of absence of toxicity," being cited as most important for all organ toxicities except acute nephrotoxicity. However, the COU most frequently cited for clinical efficacy varied by clinical area. For example, "treatment response" was most commonly noted for infectious diseases and autoimmune, oncological, and respiratory disorders. Free responses from survey participants indicated that since the disorders in these clinical areas are often characterized by heterogeneous symptoms and show variable responses to drugs, biomarkers that enable early and effective evaluation of treatment will result in cheaper and more streamlined clinical trials. In contrast, "surrogate endpoint" was most often selected as the most appropriate COU for cardiovascular disorders. Most cardiovascular Figure 1 Survey design. Survey participants were asked to rate the complexity of biomarker qualification and the impact qualified biomarkers may have on the efficiency of drug development. They were also asked to select the most important context of use (COU), and the most correspondent relevant supporting evidentiary standards (ESs) for qualification of a biomarker within a particular efficacy or safety area. Participants were each asked to identify and consider acute and chronic, and clinical and nonclinical safety and efficacy biomarkers relevant to their disciplines. Biomarkers of safety spanned the six given toxicity areas. Biomarkers of clinical efficacy spanned over the seven given therapeutic areas. disorder survey respondents who selected "surrogate endpoint" studied heart failure, and unsurprisingly noted that qualified biomarkers would result in speedier and safer clinical trials. "Utilization in study" was most frequently noted for neurological disorders and tied with "proof of concept" as one of the two COU selections most frequently cited for metabolic disorders (Figure 3) . For both clinical areas, participants selecting "utilization in study" as the most significant COU noted that qualified biomarkers granting the ability to enroll specific patient subpopulations from a studied disorders would result in faster, cheaper, and more informative clinical trials, thus increasing the speed to market of effective treatment options. Respondents who selected "proof of concept" most frequently for metabolic disorders indicated in their free responses that such biomarkers would increase understanding of currently ambiguous disease mechanisms.
After the COU was selected, respondents were asked to select the combination of ESs that they felt were sufficient to support the COU. For acute nonclinical toxicity biomarkers with a COU of "demonstrated absence of toxicity without histopathology," the majority of the ESs selected were "literature," "confirmatory studies," and "prospective/retrospective studies" (Figure 4) . Figure 2 Efficiency and complexity. Average efficiency by average regulatory complexity rating for safety and efficacy biomarkers. The x-axis reflects the mean respondent rating for barriers to regulatory qualification, or "regulatory complexity" for biomarkers in a particular safety or efficacy category. The yaxis reflects mean respondent rating for the projected increase in efficiency of drug development, were the biomarker(s) under consideration to gain regulatory qualification. The red quadrant of each graph represents the location of "ideal" biomarkers, or biomarkers that have the potential to have a high impact on the efficiency of drug development, but whose qualification is associated with a low level of regulatory complexity.
However, for chronic nonclinical toxicity biomarkers with the same COU, there was an increased selection of "longitudinal studies," in addition to the evidentiary standards that were selected for the acute nonclinical safety biomarkers ( Figure 4 ).
Responses to questions posed about clinical biomarkers for efficacy (rather than safety) had a different pattern due to the specific needs of the disease areas, as well as small responses rates that made generalization difficult. For example, "utilization in study" was selected as the most important COU for both neurological as well as metabolic-endocrine disorders. However, "retrospective/prospective studies," "literature," and "natural history" were the three most frequently cited ESs to support this COU for neurological disorders, while "confirmatory" and "prospective" studies were the most frequently cited ESs to support the COU for metabolic-endocrine disorders. There were also some interesting signals related to the selection of highestimpact COUs for particular disorders within therapeutic areas. For example, within the autoimmune therapeutic area, the majority of respondents reported the need for efficacy biomarkers for treatments of systemic lupus erythematosus (SLE) indicated an interest in having a biomarker qualified for "proof of concept." This is consistent with the need to fully define the underlying causes and progression of SLE. 32 In addition, there was strong support for a qualified biomarker in Alzheimer's disease that could be used to enroll specific populations in clinical trials; in lung cancer, the desire for qualified biomarkers that could predict treatment response was most frequently identified. Due to the limited number of participant responses for each disease within a particular clinical efficacy area, it is difficult to interpret the significance of the above differences.
BROAD IMPLICATIONS OF SURVEY RESULTS
Industry experts remain largely engaged and continue to believe in the promise of qualified biomarkers to expedite and improve the efficiency of drug development. Even so, as seen through the survey results and free responses from survey participants, regulatory and scientific complexity remain a significant challenge to regulatory qualification of biomarkers. The survey results do show agreement among responders about the most urgent needs for qualified biomarkers in specific organs/systems and disease areas. Furthermore, there is good baseline agreement on general evidentiary standards for specific COUs.
SURVEY RESULTS IN THE CONTEXT OF THE FDA BIOMARKER QUALIFICATION REGULATORY PROCESS
As mentioned above, in July of 2015, the FDA and CDER published an article on the current state of biomarker qualification and its associated regulatory processes. 26 The authors emphasized the need for increasing regulatory scrutiny as the significance of a biomarker increased from exploratory to decisional. However, they also acknowledged a lack of definition of appropriate evidentiary standards for different kinds of biomarkers or for particular COUs.
Our findings suggest that such definitions are indeed possible, but may need to be considered in light of 1) the kind of biomarker they are meant to support: safety or efficacy, and 2) the therapeutic area in which the biomarker will be applied. Such definitions have the potential to significantly clarify the regulatory process for biomarker qualification and, thus, speed the development of safe and effective drugs.
FUTURE DIRECTIONS
The question remains, then, how can we improve the efficiency and predictability of regulatory qualification of biomarkers? As has been pointed out most recently by the CDER, 26 the answer likely lies in the expansion of dialog between the FDA and scientific experts from academia, patient organizations, government, the nonprofit sector, and industry.
By adopting the following two goals, we hope the ensuing dialog optimizes the predictability and consistency of regulatory qualification. Our survey has clearly shown that not all biomarkers have equal potential to enhance the efficiency of drug development. Therefore, it is pivotal to initiate dialog among scientific experts to first enable identification of specific biomarkers that hold the promise to expedite the delivery of drugs to patients in need. To achieve true improvement, the second goal should be to establish an "evidentiary standards framework" wherein consistently agreed-upon levels of evidence are applied to regulate qualification of biomarkers of a given type, or within particular clinical areas.
To improve transparency, ensure public documentation, and facilitate targeted discussion, PhRMA, BIO, and the FDA remain in ongoing discussions regarding these survey data, their implications, and how to best publicly disseminate additional findings.
ACKNOWLEDGEMENTS
Financial support was provided by PhRMA and BIO to FaegreBD Consulting to aid in survey development and administration and to Prescott Medical Communications Group to assist in data analysis and manuscript development. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
